Abstract: This paper presents a detailed analysis of the PmSUC1 gene from Plantago major, of its promoter activity in Arabidopsis, and of the tissue specific localization of the encoded protein in Plantago. PmSUC1 promoter activity was detected in the innermost layer of the inner integument (the endothel) of Arabidopsis plants expressing the gene of the green fluorescent protein (GFP) under the control of the PmSUC1 promoter. This promoter activity was confirmed with a PmSUC1-specific antiserum that identified the PmSUC1 protein in the endothel of Plantago and of Arabidopsis plants expressing the PmSUC1 gene under the control of its own promoter. PmSUC1 promoter activity and PmSUC1 protein were also detected in pollen grains during maturation inside the anthers and in pollen tubes during and after germination. These results demonstrate that PmSUC1 is involved in sucrose partitioning to the young embryo and to the developing pollen and growing pollen tube. In the innermost cell layer of the inner integument, a tissue that delivers nutrients to the endosperm and the embryo, PmSUC1 may catalyze the release of sucrose into the apoplast.
Introduction
When the sequences of the first higher plant sucrose transporters were published from spinach (Riesmeier et al., 1992) and potato (Riesmeier et al., 1993 ) the general opinion was that plants have a single sucrose transporter gene and that the encoded sucrose transporter is mainly responsible for phloem loading. However, already the first paper on the cloning of sucrose transporter sequences from Arabidopsis revealed the existence of at least two sucrose transporters (AtSUC1 and AtSUC2; Sauer and Stolz, 1994) and the mRNA of one of these sucrose transporters, AtSUC1, was found primarily in flowers, the most complex sink organs of higher plants. More recently, medium-sized gene families for sucrose transporters have been identified in several plant species. Arabidopsis has nine sucrose transporters or sucrose transporter-like genes , Plantago has at least three (Barth et al., 2003) and several genes for sucrose transporters or sucrose transporter-like proteins were found in the rice genome (Yu et al., 2002; Aoki et al., 2003) , in grapevine (Davies et al., 1999) , and in solanaceous plants . Detailed analyses of the localization of the encoded proteins have so far been performed in Arabidopsis and solanaceous plants. In tobacco, tomato, and potato it seems that three of the four identified sucrose transporter genes are expressed in the phloem (SUT1, SUT2, and SUT4; Kühn et al., 1997; Barker et al., 2000; Weise et al., 2000) , whereas one (SUT3) shows pollen-specific expression (Lemoine et al., 1999) . Also in Arabidopsis, three sucrose transporter genes are expressed in the phloem (AtSUC2, AtSUC3, and AtSUC4; Truernit and Sauer, 1995; Meyer et al., 2004; Weise et al., 2000) . One of the encoded proteins, AtSUC4, has only recently been localized to the tonoplast (Endler et al., 2006) . Of the remaining six Arabidopsis genes, none shows expression within the vascular tissue , and references in this paper).
Typically, the sink specificity of sucrose transporters has been described following Northern blot analyses (Davies et al., 1999 , grape berries; Lemoine et al., 1999, tobacco pollen) . A more detailed description of the cell or tissue specificity using immunohistochemical analyses, in situ hybridizations, and/or promoter-reporter gene studies was performed for AtSUC1 in Arabidopsis . These analyses showed expression of AtSUC1 in pollen, in the anther connective tissue, and in the epidermal cell layer of funiculi. Another report on the sink-specific expression of a sucrose transporter gene was published for cotton fibres (Gossypium hirsutum; GhSUT1; Ruan et al., 2001 ) and reported coordinated regulation of plasmodesmata gating and sucrose transporter gene expression. Finally, VfSUT1 was identified both in vegetative and in seed tissues of Vicia faba (Weber et al., 1997) . In the embryo, VfSUT1 was found only in epidermal cells showing transfer cell morphology and it is believed to mediate the import of sucrose from the apoplast into the embryo. The expression of VfSUT1 seems to be regulated by available carbohydrate levels.
PmSUC1, the transporter studied in the present paper, represents one of three sucrose transporters so far identified in common plantain (Plantago major L.; Gahrtz et al., 1994; Gahrtz et al., 1996; Barth et al., 2003 (Stadler et al., 1995) , while PmSUC3 was localized to the sieve elements (SEs; Barth et al., 2003) . Whereas PmSUC2 expression was specific for CCs, PmSUC3 was also immunolocalized in several sink tissues, such as the root tip or the embryo (Barth et al., 2003) . A similar expression pattern (SEs plus several sink tissues) was observed for the structurally-related AtSUC3 sucrose transporter from Arabidopsis (Meyer et al., 2004) .
Published RNase protection assays (Gahrtz et al., 1996) had identified very low levels of PmSUC1 mRNA in all tissues (roots, leaves, stems) but high mRNA levels (about 30-fold higher) in Plantago flowers. These flower-specific PmSUC1 mRNA signals resulted from a strong, transient activation of PmSUC1 gene expression during the transition from the budding Plantago flower to the female and male stages (Gahrtz et al., 1996) . In situ hybridization analyses confirmed this strong floral expression, but the precise cell type(s) was (were) not identified (Gahrtz et al., 1996) .
Here, we show the immunolocalization of the Plantago PmSUC1 sucrose transporter using antibodies raised against the complete recombinant PmSUC1 protein. The possibility that the obtained signals result from a cross reaction with another, so far uncharacterized Plantago sucrose transporter was minimized by parallel analyses of transgenic Arabidopsis plants expressing the GFP reporter gene or the PmSUC1 gene under control of the PmSUC1 promoter. The presented data identify the cells responsible for the previously described high PmSUC1 mRNA levels in Plantago flowers. They suggest a physiological role of PmSUC1 in the supply of sucrose to the embryo, to the developing pollen, and to the growing pollen tube.
Materials and Methods

Strains and growth conditions
Arabidopsis thaliana (ecotype C24) and Plantago major plants were grown in potting soil in the greenhouse or in growth chambers under long-day conditions (16 h light/8 h dark regime at 22 8C and 70% relative humidity). Yeast strains MGY1 and MGY2 (Gahrtz et al., 1994) and the yeast strain MGY6 (Gahrtz et al., 1996) were grown on minimal medium (2 % glucose and 0.67% yeast nitrogen base) containing the necessary supplements. Plant transformations were done with Agrobacterium tumefaciens strain GV3101 (Holsters et al., 1980) . Cloning was performed in Escherichia coli strain DH5α (Hanahan, 1983) .
Molecular cloning of PmSUC1 promoter constructs
The Plantago promoter sequence was identified in two rounds of TAIL-PCR (Liu and Whittier, 1995) . In the first round, the three PmSUC1-specific primers 3′5′G (5′-CAT GGT TGC AAA TGT ACA AAA TGT TTT TTG AGT TTT AAC AGT ATT A-3′), 3′5′H (5′-GTA ATT GTT TGT GGA CTG AGT ATT TAT CTA CAA T-3′), and 5′3′I (5′-ACA TGC AGA GGA AAG AGT AAG ATG AAG AAG GAG AAT GAA GAA GAA TG-3′) were used and 1316 bp of 5′-flanking sequence were obtained. After the second round with the PmSUC1-specific primers PmSUC1g-1249r (5′-CAA GGA ATA CCG GCC CTA TGG GGC-3′), PmSUC1g-1275r (5′-GTC ACT GCC CAT TCA GTA GGG TCA C-3′), and PmSUC1-1316r (5′-CAC TTT AAC CTT TAT GCT CTC TCT ATC C-3′) 2215 bp of 5′-flanking sequence were obtained. This sequence was amplified again from Plantago genomic DNA using the primers PmSUC1g-2226fApaI/HindIII (5′-GGG CCC AAG CTT GCA TCG TGC GCG ATT AAT GCA GAG-3′) and PmSUC1:0Ncorev (5′-CCA TGG TTG CAA ATG TAC AAA ATG TTT TTT GAG TTT TAA C-3′), cloned into pGEM-T Easy (Promega, Madison) and sequenced. The resulting plasmid was named pCL15.
A PmSUC1 promoter-GFP construct was generated by cloning the PmSUC1 promoter fragment from pCL15 into HindIII/NcoI digested pAF12 in front of the GFP coding sequence, yielding pCL19. From this plasmid, the PmSUC1 promoter-GFP cassette was cloned into the pGPTV-BAR derivate pAF16 using HindIII and XbaI. The resulting plasmid, pCL22, was used for plant transformation.
The genomic fragment covering the PmSUC1 coding sequence was obtained by PCR on Plantago genomic DNA using the primers PmSUC1c+1fNcoI (5′-ACG TTC CAT GGG TGA ATT GTC AGG AAT TGA AAA TG-3′) and PmSUC1c+1827rNotI (5′-ATA TGC GGC CGC ACA GAG AGA AGT CGA ACA ATT GAA AAA C-3′). The resulting fragment was cloned into pGEM-T Easy (Promega, Madison, Wisconsin) and sequenced; the resulting plasmid was named pCL8b. To generate a construct containing the PmSUC1 promoter plus the PmSUC1 coding region with all introns, the PmSUC1 promoter was excised from pCL15 with ApaI and NcoI and cloned into pCL8b, yielding pCL17. The resulting genomic PmSUC1 cassette was cloned into the plant transformation Vector pGPTV-bar (Becker et al., 1992) .
Transient expression of PmSUC1 promoter-GFP in Plantago
To study PmSUC1 promoter activity in Plantago flowers by transient expression, 5 mg of surface-sterilized (70 % ethanol [v/v] ) gold particles (diameter: 0.3 to 3.0 mm) were resuspended in 50 ml of water and mixed with 10 ml of pCL19 DNA (1 mg/ml in H 2 O). To this mixture, 50 ml 2.5 M CaCl 2 and 20 ml of 0.1 M spermidin were added. After the stepwise addition of 100 ml 100% ethanol (-20 8C) and of 200 ml 100% ethanol (-20 8C), the mixture was kept at -20 8C for 30 min and centrifuged for 1 min at 14 000 g. Gold particle-attached DNA was resuspended in 50 ml of water (DNA/gold solution). For bombardment, 9 μl of the DNA/gold solution were pipetted on a filter that was placed into the discharge assembly of a vacuum chamber (0.2 bar). Plantago flowers of different developmental stages were dissected. The flower organs were spread on agar plates with MS medium (Sigma-Aldrich, Deisenhofen, Germany) containing 0.3 M mannitol and were fixed using wire netting as a cover (wire distance 1 mm). The flower organs were high-pressure sprayed with the DNA/gold solution (using 50 ms helium pulses of 8 or 9 bar) and incubated for 24 h on the same agar plates. Fluorescence was detected with a confocal microscope (Leica TCS SP II; Leica Microsystems, Bensheim, Germany).
Immunohistochemical techniques
For antibody production, the PmSUC1 cDNA was expressed in the protease-deficient S. cerevisiae strain c13-ABYS-86 (Heinemeyer et al., 1991) . To this end, c13-ABYS-86 was transformed with NEV-N containing the PmSUC1 cDNA pTP1 published by Gahrtz and coworkers (1996) . Plasma membrane proteins of the resulting yeast were separated on SDS gels and recombinant PmSUC1 protein was isolated (Stadler et al., 1995) . The recombinant PmSUC1 protein was used for immunization of rabbits (Dr. Pineda -Antikörper Service, Berlin, Germany). Antibody was affinity purified using the filter-bound PmSUC1 protein of PmSUC1 expressing transgenic yeast as described (Sauer and Stadler, 1993) .
Arabidopsis and Plantago tissue was prepared, fixed in methacrylate, sectioned, and transferred to adhesion microscope slides (Linaris, Wertheim, Germany) as previously described by Stadler and Sauer (1996) . Methacrylate was removed by incubation of the slides for 3 min in 100% (w/v) acetone. Sections were rehydrated by sequential incubation in ethanol of decreasing concentrations (100%, 95 %, 80%, 60 %, and 30 %, all w/v), blocked for 1 h (50 mm Tris-HCl, pH 7.5, 150 mm NaCl, and 1 % [w/v] skimmed milk powder), and incubated overnight with affinity-purified anti-PmSUC1 antiserum 60-2 (dilution 1 : 10 in blocking buffer). After five washes with blocking buffer, sections were incubated for 1 h with anti-rabbit IgG-FITC isomer 1-conjugate (diluted 1 : 300, Sigma-Aldrich, Deisenhofen, Germany). After five final washes with blocking buffer, the slides were rinsed with water and mounted in antifading medium (ProLong Antifade kit, Molecular Probes, Leiden, The Netherlands).
Epifluorescence and confocal laser scanning microscopy
GFP fluorescence was monitored after excitation with light of 460 to 500 nm, using an epifluorescence stereomicroscope (Leica MZFLIII, Leica Microsystems, Bensheim, Germany) and a Color View II camera controlled by the analySIS Doku 3.2 imaging software (Soft Imaging Systems, Münster, Germany). Emitted fluorescence was detected at wavelengths above 510 nm. High-resolution images of GFP fluorescence were made with a confocal laser scanning microscope (Leica TCS SP II, Leica Microsystems, Bensheim, Germany) as described Meyer et al., 2004) . Confocal images were processed using the Leica Confocal Software 2.5 (Leica Microsystems, Bensheim, Germany) and presented as maximum projections or optical sections. Immunohistochemical analyses were performed on an epifluorescence microscope (Zeiss Axioskop, Carl Zeiss, Jena, Germany) in combination with a Sony 3CCD colour video camera (Sony Corporation, Tokyo, Japan) controlled by Imaging System KS200 software (Kontron Elektronik, München, Germany). FITC was excited with 460 -500 nm light and fluorescence was detected at 510 -560 nm. For cell wall staining, plant material was incubated for 10 min with 0.5 % propidium iodide at room temperature and afterwards washed four times with water. Propidium iodidestained cell walls were detected by confocal microscopy using a 488-nm argon laser and a detection window of 595 to 640 nm.
Determination of the transcriptional start site of PmSUC1 by 5′-RACE
The PmSUC1 transcriptional start site was determined by determining the 5′ sequences of several independently obtained cDNAs that had been obtained from Plantago mRNA after extension of their 5′ ends using a 5′/3′-RACE Kit (Roche, Mannheim, Germany). Reactions were performed with the PmSUC1-specific primers MN-RACE-SP1 (5′-GAA GTG ATC CCC AAA ACG AC-3′), MN-RACE-SP2 (5′-AAA CGA CGG AAT TGA GCA TC-3′), and MN-RACE-SP3 (5′-ACA ACA AGA ACG GGA ACC AC-3′).
Products from five independent RACE reactions with five different mRNA preparations were cloned into pUC19 and the 5′ flanking sequences of 20 clones were determined.
Results
Isolation of genomic PmSUC1 sequences and analyses of PmSUC1 promoter activities in Arabidopsis
A first genomic PmSUC1 fragment was isolated by polymerase chain reaction (PCR) using primers binding to the known start of the PmSUC1 open reading frame (ORF) and to the end of the known 3′ untranslated sequence. The obtained sequence from start to stop was 633 bp longer than the previously published ORF (Gahrtz et al., 1996) . These additional sequences represent three introns that are inserted 450 bp (1st intron; 457 bp long), 1745 bp (2nd intron; 96 bp long), and 1885 bp (3rd intron; 80 bp long) after the first nucleotide of the start ATG (Fig. 1) .
The ORF of the deduced mRNA sequence differed in 6 bp from the published ORF (EBI accession no. X84379), but none of these differences caused an amino acid exchange in the resulting PmSUC1 protein.
The reason for these differences may result from the fact that the first published PmSUC1 cDNA sequence had been obtained from plant material collected on a meadow and not from a defined Plantago major accession (Gahrtz et al., 1994) .
The sequence of the PmSUC1 promoter was determined by extending the 5′ end of the PmSUC1 genomic sequence in two rounds of TAIL-PCRs. The 5′ flanking sequence (2216 bp) was confirmed by sequencing two PCR fragments independently amplified from Plantago genomic DNA. The transcriptional start in this PmSUC1 5′ flanking region was determined by sequencing the products of independent 5′-RACE reactions and shown to be 124 bp upstream from the first nucleotide of the start codon. The complete PmSUC1 genomic sequence has been submitted to the EBI database (accession no. AJ884919). Fig. 1 shows a comparison of the intron/exon structure of the PmSUC1 gene and sucrose transporter genes from Arabidopsis (AtSUC1 to AtSUC9: At1g71880, At1g22710, At2g02860, At1g09960, At1g71890, At5g43610, At1g66570, At2g14670, At5g06170), from poplar (Populus trichocarpa: genes PtrSUC3 = LG_X:10052658 -10060754 and PtrSUC2 = EU-GENE3.00410059 from the Populus trichocarpa database [http://genome.jgi-psf.org/Poptr1/Poptr1.home.html]), from rice (OsSUC3: Genebank accession no. AF419298) and from wheat (TaSUT1D: Genebank accession no. AF408845). The numbering of the sucrose transporter genes from poplar (PtrSUC2 and PtrSUC3) is based on the high degree of sequence identity shared by the encoded proteins and the respective sucrose transporters, AtSUC2 (72.2 % identity) and AtSUC3 (71.7 % identity), from Arabidopsis. The number of introns in PmSUC1 is similar to the number of introns in the genes AtSUC1, AtSUC2, AtSUC4 to AtSUC9, and PtrSUC2. The three genes with much higher intron numbers are TaSUT1D (a high intron number is typical for monocot sucrose transporter genes [Yu et al., 2002] ), AtSUC3, which has previously been shown to differ in several aspects from all other Arabidopsis sucrose transporter genes (Meyer et al., 2000) and the so far uncharacterized gene from poplar, PtrSUC3. The positions of all three PmSUC1 introns are conserved in the other sucrose transporter genes, but the first intron (orange in Fig. 1 ) has so far only been observed in OsSUC3, TaSUT1D, AtSUC3, and in PtrSUC3.
For analysis of PmSUC1 promoter activity, the entire 5′ flanking sequence (2216 bp) was cloned in front of the ORF of GFP in pGPTV-Bar (Becker et al., 1992) , yielding the plasmid pCL22. Transformation of Arabidopsis thaliana (ecotype C24) gave 30 independent transgenic lines that were analyzed for GFP fluorescence. Twelve Arabidopsis lines showed the same fluorescence patterns, GFP expression in the other lines was not high enough for a detailed analysis. For the presented analyses, we used the lines pCL22-2 and pCL22-14. Fig. 2 shows epifluorescence and confocal images of the PmSUC1-promoter::GFP Arabidopsis lines pCL22-2 and pCL22-14. The strong flower-specific expression previously found in the Plantago RNase protection studies were confirmed in these analyses and could now be attributed to specific cell layers and tissues. PmSUC1 promoter activity was seen in the very early coenocytic endosperm (Fig. 2 A) , in the inner integument (Fig. 2 B) , in germinating pollen on Arabidopsis stylar papillae (Fig. 2 C) , in elongating pollen tubes in the transmitting tissue (Fig. 2 D) , in developing pollen grains inside the anthers (Fig. 2 G) , in petals (Fig. 2 H) , and in several epidermal cell layers (style and anther), especially during the early developmental stages of these organs (Fig. 2 G, insert; Fig. 2 I) . Expression outside the flowers was observed only in the very root tips 
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Usually the cell and tissue specificity of a promoter stays the same in different plant species. To confirm that the PmSUC1 promoter activities seen in stably transformed Arabidopsis plants (Figs. 2 A -I ) does in fact reflect the real sites of PmSUC1 expression in Plantago, we performed transient expression analyses with selected Plantago tissues (Figs. 2 K -M) . To this end, Plantago pistils and pollen grains were particle bombarded with gold beads covered with pCL19 DNA. This pUC19-based plasmid harbours the GFP open reading frame under the control of the PmSUC1 promoter. After the particle bombardment, epidermis cells of the Plantago pistil (Figs. 2 K, L) and Plantago pollen grains (Fig. 2 M) showed transient GFP expression and confirmed the activity of the PmSUC1 promoter in these cell types.
Immunolocalization of PmSUC1 in Plantago and in transgenic Arabidopsis plants expressing the PmSUC1 gene under the control of its own promoter
To confirm these observed PmSUC1 promoter activities, antiPmSUC1 antisera (αPmSUC1) were generated. To this end, 0.3 mg of PmSUC1 protein were isolated from the PmSUC1 cDNA expressing yeast strain MGY6 (Gahrtz et al., 1996) and used for immunization of rabbits. Fig. 3 shows that the resulting αPmSUC1 recognized the PmSUC1 protein specifically in plasma membrane extracts of PmSUC1-expressing yeast cells. No bands were detected with αPmSUC1 in MGY2 cells that express another Plantago sucrose transporter cDNA (PmSUC2; Gahrtz et al., 1994) or in MGY1 control cells (expressing PmSUC2 in antisense orientation; Gahrtz et al., 1994) .
αPmSUC1 was used for immunodetection of PmSUC1 in Arabidopsis plants expressing the entire PmSUC1 gene (i.e., 2216 bp of 5′ flanking sequence, the ORF including all three introns and 318 bp of 3′-flanking sequence; = PmSUC1-Arabidopsis plants) and in wild-type Plantago. Fig. 4 shows the results of the immunohistochemical analyses of these plants. In PmSUC1-Arabidopsis, PmSUC1 protein was detected in the young, coenocytic endosperm (Fig. 4 A) , in the innermost cell layer of the inner integument (Fig. 4 B) , in pollen grains within the anther (Fig. 4 D) , and in elongating pollen tubes in the transmitting tissue (Fig. 4 C) . These results confirm the PmSUC1 promoter::GFP data presented in Fig. 2 . Moreover, Figs. 4 E, F demonstrate that these heterologous localization data from Arabidopsis reflect the localization in Plantago, where PmSUC1 is also localized in the innermost cell layer of the inner integument (Fig. 4 E) and in pollen grains (Fig. 4 F) . The specificity of the αPmSUC1 antiserum was tested in Arabidopsis wild-type flowers, where no αPmSUC1-dependent fluorescein isothiocyanate (FITC) signals were obtained (not shown). In Plantago, controls were performed with preimmune serum (diluted 1 : 1000). They gave no detectable signals (not shown). As for the Arabidopsis sections, the anti-rabbit IgG 2nd antibody that was used to detect αPmSUC1 binding in Plantago was conjugated to FITC.
Discussion
In previous RNase protection analyses, PmSUC1 had been found to be strongly expressed in Plantago flowers. The high mRNA levels were shown to result from a massive induction of PmSUC1 during the early stages of seed development. In these analyses, PmSUC1 expression was shown to be maximal during the female stage of flower development, when the style but no anthers are visible in the proterogynic Plantago flower (Gahrtz et al., 1996) . In the following male stage of the Plantago flower, when the anthers are well developed and the style is wilting, the overall PmSUC1 expression was reduced by 80%, and eventually it was no longer detected during the following seed maturation (Gahrtz et al., 1996) . Thus, PmSUC1 was discussed as a sink-specific sucrose transporter involved in sucrose uptake into certain cells of the developing seed.
The present paper presents a detailed analysis of the Plantago major PmSUC1 gene, of the reporter gene-based cell specificity of the PmSUC1 promoter, and of the immunolocalization of the PmSUC1 sucrose H + symporter. The PmSUC1 promoter was isolated and used to drive GFP expression in transgenic Arabidopsis plants and in selected, particle-bombarded Plantago cells and tissues. Several of the promoter activities in the heterologous system of Arabidopsis (Figs. 2 A -I) could be supported by transient expression analyses in Plantago (Figs. 2 K -M) . Moreover, immunohistochemical analyses of transgenic Arabidopsis plants expressing the PmSUC1 gene (PmSUC1 promoter plus all introns and exons of the coding region) identified PmSUC1 in several Arabidopsis floral tissues (Fig. 4) and several of these localizations could be confirmed in Plantago (Figs. 4 E, F) .
Our results characterize PmSUC1 clearly as a sink-specific sucrose transporter that is expressed in pollen, in the inner cell layer of the inner integument and in the stylar epidermis. The activity of the PmSUC1 promoter in Arabidopsis petals, root tips, and in the early embryo has not been confirmed by independent analyses in Plantago. For further discussion of the po- tential physiological role of PmSUC1, we will concentrate on the pollen and the endothel, where both the activity of the PmSUC1 promoter and the localization of the PmSUC1 protein were observed by independent techniques.
Obviously, developing pollen and germinating pollen tubes depend on the supply of various compounds (e.g., monosaccharides, disaccharides, or amino acids) from the surrounding cells and tissues. Examples for such tissues are the tapetum during early pollen development or the transmitting tissue during pollen tube growth. Several transporters have already been identified in pollen and/or in pollen tubes (Lalanne et al., 1997; Ylstra et al., 1998; Lemoine et al., 1999; Schwacke et al., 1999; Truernit et al., 1999; Schneidereit et al., 2003; ScholzStarke et al., 2003; Schneidereit et al., 2005) , and for all of these proteins it has been suggested that they might be involved in the uptake of the respective compounds, e.g., of sucrose, into the developing pollen or into the growing pollen tube.
In contrast, the endothel has a nutritive function -comparable to that of the anther tapetum -and an endothel-localized sucrose transporter is more likely to release sucrose towards the endosperm and the embryo rather than to import sucrose from the apoplast. This function of the endothel is supported by a recent paper (Stadler et al., 2005 b) that showed that the outer integument forms a symplastic continuum with the phloem and that suggested that assimilates are delivered from the outer to the inner integument and eventually released from the inner integument to the endosperm and the embryo.
On the basis of expression analyses, Truernit and Sauer (1995) postulated that AtSUC2, the sucrose transporter responsible for phloem loading in Arabidopsis (Gottwald et al., 2000) , can mediate the unloading of sucrose in Arabidopsis roots. Only recently, Carpaneto et al. (2005) showed that ZmSUT1, a phloemlocalized sucrose transporter from maize, can in fact catalyze both uptake and efflux of sucrose. These authors demonstrated that after expression of ZmSUT1 cRNA in Xenopus oocytes the recombinant ZmSUT1 transporter was able to act as loader or exporter, depending on the direction of the sucrose and proton gradients and depending on the membrane potential. Although indirect evidence for the capacity of H + -coupled transport systems to work in the inverse mode had previously been obtained for other transporters (CkHUP1 in Chlorella kessleri: Komor et al., 1972; Komor et al., 1973 ; LacY in Escherichia coli: Therisod et al., 1982; Garcia et al., 1983) , this was the first direct proof that plant sucrose transporters are also capable of mediating sucrose efflux. The localization of PmSUC1 in the Plantago pollen and endothel suggests a dual function of this transporter: the catalysis of sucrose uptake into Plantago pollen and the catalysis of sucrose efflux from the endothel into the apoplastic gap between the maternal tissue and the female gametophyte.
Finally, the intron/exon structure of the PmSUC1 gene (Fig. 1) is presented and compared to that of other sucrose transporter genes (for most sucrose transporters from plants other than Arabidopsis only the cDNAs but no genomic sequences are available). The positions of two of the three introns identified in PmSUC1 (intron numbers 13 and 14 in Fig. 1 ) are conserved in many other dicot sucrose transporter genes. At the position of the third PmSUC1 intron (intron number 5 in Fig. 1) , however, introns have so far been observed only in genes encoding so-called SUC3-type sucrose transporters from dicots or sucrose transporters from monocots. The dicot SUC3-type transporters differ in several aspects (structure, K m values, and codon usage bias of their genes) from the "classical" higher plant sucrose transporters Meyer et al., 2000; Barth et al., 2003) . Moreover, their genes (examples are AtSUC3 and PtrSUC3 in Fig. 1 ) have high numbers of introns, which is typical for all monocot sucrose transporter genes (examples are OsSUC3 and TaSUT1D in Fig. 1) .
Together with the introns identified in other dicot sucrose transporter genes (mostly in Arabidopsis), five of the introns from SUC3-type sucrose transporter genes (intron numbers 5, 6, 12, 13, and 14 in Fig. 1 ) have now been found in various combinations in the genes of "classical" sucrose transporters. The perfect positional conservation of these introns, even across the monocot/dicot boundary, suggests that they were lost during evolution rather than inserted. In the future, such observations may help to study the relation between "classical" sucrose transporters and intron-rich SUC3-type sucrose transporter genes.
